Background. Transthoracic real-time 3-dimensional echocardiography (3DE) is useful for understanding anatomical structure in planning surgical procedures for treatment of congenital heart disease, but the image resolution has not reached a level that is sufficient to show the detailed anatomy required by surgeons, due to limitations in the width of the acoustic window and ultrasonic penetration. To improve the image quality, we applied the transpericardial approach to obtain the 3DE images and compared these images to those of the surgical findings.
Introduction
Recently transthoracic real-time three-dimensional echocardiography (3DE) is reported to be of clinical value for imaging of intracardiac anatomical structures, however, the 3DE images by transthoracic approach were restricted because of the limitation of the acoustic window and ultrasound penetration, and the resolution remains very insufficient to a level required by surgeons. Therefore few have reported the contribution of transthoracic 3DE to plan surgical procedures for treatment of congenital heart disease, but even in these few reports the 3DE images could not reach the images of real surgical anatomy. To overcome these problems, we applied the transpericardial approach where images were acquired through the pericardial surface at surgery instead of the transthoracic approach to obtain better resolution of the images in patients with congenital heart disease.
Methods
Twenty-two consecutive patients with congenital heart diseases who underwent intracardiac repair using cardiopulmonary bypass were enrolled in the study. The demographic data of the patients are shown in Table 1 . A Philips iE33 instrument with an X3-1 matrix array probe (10 cases) or an X7-2 probe (12 cases) (Philips Medical Inc. Andover, MA, USA) was used to acquire 3DE data. Before starting the cardiopulmonary bypass, the probe was covered with a sterilized plastic case and placed directly on the pericardium. Full volume data were acquired with breath holding and an ECG trigger of either 4 or 7 cardiac beats under general anesthesia before opening the pericardium. The 3DE images were reconstructed by using an off-line computer system (QLAB, Philips Medical Systems, Andover, MA, USA) to visualize the intracardiac structures for surgery. Then reconstructed 3DE images were compared with the intraoperative findings and the pictures of the surgical field taken during the operation.
Results
The 22 patients in this study ranged in age from 5 days to 16 years old (mean, 3 years and 10 months). 3DE images were successfully obtained in all cases (Table 1 ). The acquisition time was within 5min including echo-window setting. 3DE images were reconstructed in about 10 minutes (6-11 minutes). No cases had hemodynamic compromise during transpericardial 3DE acquisition. There were no reported cases on postoperative infection by transpericardial 3DE.
The agreement of 3DE images and surgical findings was 21/22(95%) from the perspective of the surgeon.
Cases
3DE images of the case of a 2-year-old boy with double outlet right ventricle (DORV) associated with subpulmonary ventricular septal defect (VSD) are shown in Figure 1(a) . The transpericardial 3DE image clearly demonstrated the 3D spatial relations of the aorta, the pulmonary artery, and the infundibular septum located between the aorta and pulmonary artery. The VSD was mainly located beneath the pulmonary artery and partly beneath the aorta. The infundibular septum located perpendicular to the VSD defect and interfered with the intracardiac rerouting route from the left ventricle to the aorta in surgical correction. From this 3DE image, surgery was planned to remove the infundibular septum before the patch was placed to close the VSD (Figure 1(b) ). The images also indicated that the suture line to close the VSD should be positioned along the anterior wall of the aorta, inferior to the edge of the VSD and posterior wall around the pulmonary artery (Figure 1(c) ). A direct image of the surgical view in the same patient just after placement of the patch based on the simulation is shown in Figure  1 (d).
Case 5 was a 4-year-old boy with a secundum-type atrial septal defect (ASD). A round-shaped defect was visualized in the center of the fossa ovalis, and all edges around the defect were clearly shown by 3DE, which gave an image that was very similar to direct observation of the same part of the interatrial septum ( Figure 2 ). Case 6 was a 2-year-old girl with multiple ASDs. Two atrial septal defects in the fossa ovalis separated by a muscle bar were apparent in the 3DE images, and a direct picture of the surgical field clearly confirmed the 3DE findings (Figure 3(b) ). Case 15 was a 5-year-old girl with a superior sinus venosus-type ASD. The ASD was attached to the superior vena cava, and the right upper and lower pulmonary veins could be visualized through the defect on the 3DE image (Figure 4(a) ). There was no septal tissue between the posterior wall of the superior vena cava and the defect. The characteristic anatomical structure was confirmed by direct observation in the surgical field ( Figure  4 (b)).
Case 18 was a 4-year-old male with a perimembranous-type VSD with inlet extension. The VSD was visible just behind the septal leaflet of the tricuspid valve. Pericardial 3DE showed two small chordae tendineae of the septal leaflet of the tricuspid valve across the VSD. The accuracy of this 3DE image was confirmed by surgeon ( Figure 5 ). Case 22 was a 1-year-old female with a mid-infundibular VSD. A small VSD located in the middle of the infundibular muscle and separated from the tricuspid and pulmonary valves was visible on the 3DE image (Figure 6(a) ), which was in agreement with the findings in surgery (Figure 6(b) ).
Discussions
Imaging using 3DE has been widely used to visualize the anatomy in the various lesions and to assess cardiac function and volume for quantification [1] [2] [3] [4] [5] [6] [7] [8] .
Transthoracic 3DE for understanding intracardiac anatomy in various congenital heart diseases has been reported to be of clinical use in evaluation of mitral valve disease and structure [1, 2] , the structural and dynamic recognition of discrete subaortic stenosis [3] , visualization of ventricular septal defects [4] and atrial septal defects [6] , and the diagnosis of complex congenital heart disease.
However, as previously reported, image resolution was limited by the acoustic window and ultrasonic penetration in transthoracic 3DE. In order to obtain finer echocardiographic images, transpericardial (epicardial) approach was applied clinically for valvular anomalies in 2 reports [9, 10] to our knowledge.
Rawlings et al. used intraoperative live 3DE by transpericardial approach to assess the atrioventricular valve morphology in only eight patients. De Castro also reported the preliminary experience of using epicardial 3DE in 30 cases for assessing the valvular morphology of aortic and mitral valve during surgical management planning. They concluded the transpericardial 3DE improved morphologic definition of anatomic valvular lesions and their relationship with cardiac adjacent structures, however the role of 3DE was complementary to transthoracic 2DE and transesophageal 2DE.
Our report is the first clinical report of the use of transpericardial real-time 3DE to demonstrate with accuracy the 3D anatomical structure in cases with congenital heart disease at a level of real surgical anatomy. Besides the static 3D anatomical structures, transpericardial 3DE also provides the dynamic images of each intracardiac structure along the cardiac cycle, which could never be obtained at surgery because of the necessity of cardiac arrest during intracardiac manipulation. This dynamic image of real-time 3DE gives more valuable information when the surgeon plans how to correct the target lesion as the heart contracts both before and during the surgery.
In this regard, Suematsu et al. used transpericardial 3DE as a monitoring guide during a procedure to close an atrial septal defect without using cardiopulmonary bypass in the experimental setting. [11] .
As for detecting 3D anatomy, CT and MRI are also known to be useful diagnostic tools. However both CT and MRI are not real-time imaging modalities and have problems such as less spatial resolution. Transpericardial 3DE has more portability and feasibility to demonstrate the 3D motion images of the intracardiac structures precisely enough to meet surgical demand.
There are limitations in using transpericardial 3DE. Because of the transpericardial approach, it is rather difficult to visualize the near surface structures to the applied probe and the large lesions that are over the acoustic window of the 3DE probe. The size of the 3DE probe to be placed between the opened sternum is also a limitation. We used an X7-2 probe for the smaller children, during examination of the closer structures to the probe, and during detection of more detailed anatomy because of its high spatial resolution than those obtained with an X3-1 probe. Moreover the transpericardial approach is only available after sternotomy, and the images can be assessed just before introducing the cannulation. With time, we anticipate that transesophageal real-time 3DE will be developed, and this procedure should allow determination of the 3D intracardiac anatomy preoperatively without sternotomy, which should address some of the current problems with 3DE. However we still believe the accuracy and high quality of the images by transpericardial 3DE provide more valuable information for surgery.
Conclusion
Transpericardial real-time 3DE is a very powerful and useful diagnostic method for obtaining high quality 3D intracardiac images equivalent to real surgical anatomy.
Moreover the transpericardiac 3DE images in realtime provide dynamic anatomical images in motion that surgeons might not observe in the setting of a cardiac arrest.
